Very little is known about the mechanisms of neuronal death following an injury to the nervous system. A lesion to the optic nerve has long been known to induce the death of most axotomized retinal ganglion cells both in the developing (Miller and Oberdorfer, 198 1; Beazley et al., 1987; Harvey and Robertson, 1992) and adult rat (Misantone et al., 1984; Villegaz-Perez et al., 1992) although the process is much more rapid in the young animal. The retrograde morphological alterations induced by the axotomy in the developing animal have been described, and include the appearance of pyknotic nuclei, characterized by a densely stained nucleus, and the presence of phagocytic cells often engulfing the degenerating cells (Miller and Oberdorfer, 198 1; Beazley et al., 1987) . However, the mechanisms leading to the degeneration of the axotomized neurons have not been elucidated.
It is often assumed that a pathological situation, such as trauma or ischemia, induces a necrotic type of cell death that involves the passive degeneration of cellular components including intracellular and cytoplasmic membranes (Wyllie et al., 1980; Duvall and Wyllie, 1986; Ellis et al., 1991; Raff, 1992) . As a consequence of membrane disintegration, the dying cell releases cytotoxic compounds that contribute to generalized tissue inflammation. A very distinct mode of cell death is represented by apoptosis, an "active" process often requiring protein synthesis, common throughout the development of the nervous and immune systems, and also during normal tissue turnover (Ellis et al., 1991; Oppenheim, 1991; Cohen and Duke, 1992) . This type of cell death is also often referred to as spontaneous or programmed cell death. For its active properties, this type of cell death has also been designated as "altruistic suicide" due to the considerable integrity of the dying cell membranes that spares neighboring cells from toxic products (Ellis et al., 199 1; Raff, 1992) . Apoptotic cells are, in fact, rapidly removed by phagocytic cells, thus preventing tissue inflammation. Besides often requiring protein synthesis, apoptosis is characterized by distinct morphological hallmarks: the integrity of cytoplasmic and intracellular membranes is accompanied by nuclear chromatin condensation (pyknosis) (Wyllie et al., 1980) ; in addition, a frequent biochemical feature is the cleavage of nuclear DNA at intemucleosomal linker regions in fragments of multiples of the nucleosome (Cohen and Duke, 1992) .
The presence of very different modes of cell death prompted us to analyze whether the degeneration of ganglion cells after section to the optic nerve could involve an active, apoptotic death. We chose to examine three criteria usually adopted to identify apoptosis: (1) dependence of cell death on RNA and protein synthesis, (2) appearance of pyknotic cells, (3) appearance of DNA fragmentation. Neonatal retinal ganglion cells were chosen as an experimental model due to the rapidity ofthe death process at younger age; given the toxicity of a long-term treatment with inhibitors of protein synthesis, only a system characterized by a short delay in the injury response allows investigation of the active properties of the process. Our results show that optic nerve lesion in the neonatal rat induces the appearance of both pyknosis and DNA.fragmentation in the axotomized cells. Furthermore, intraocular administration of two different protein synthesis inhibitors (cycloheximide and actinomycin D) remarkably reduces the number of pyknotic cells and of cells with fragmented DNA and increases the number of surviving cells. Contrary to previous experiments, these results show that an injury to the CNS, such as axotomy, can trigger an active cell death program, rather than a passive, necrotic degeneration. A better understanding of the mechanisms involved in the in-jury-induced neuronal degeneration has obvious implications for regeneration in the CNS.
Materials and Methods
Optic nerve lesion. We performed unilateral intracranial optic nerve transection on Long-Evans rats at PO (day of birth). Rat pups were anesthetized by hypothermia, and optic nerve transection was performed by suctioning the overlying cerebral cortex through a syringe needle. The section was performed at approximately 3 mm from the eye. Rats were allowed to recover and then returned to their mothers until sacrifice (5-48 hr postlesion).
Intraocular administration of protein synthesis inhibitors. At various times after optic nerve lesion, protein synthesis inhibitors (actinomycin D, cycloheximide; both from Sigma) or saline were injected intraocularly (250 nl) with a pulled micropipette and the use of a microinjector. The dose of both drugs was 2.5 Kg except in dose-response studies, where 0.25 pg and 1.25 pg were also tested. The injection was performed under a dissecting microscope at the ora serrata, in order to reach the posterior chamber of the eye.
Histology. Under deep chloral hydrate anesthesia, eyes were taken and fixed in 4% paraformaldehyde for approximately 12 hr. Retinas were dissected from the eye, flattened on gelatinized slides, and fixed with 2.5% glutaraldehyde and then with formaline-ethanol solution (1: 9). The whole-mounted retinas were then stained with cresyl violet (0.1%) and analyzed. The number of pyknotic profiles and the number of living cells were counted by following a "blind procedure" in the ganglion cell layer of 20 (90 x 90 pm) fields, equally distributed across the whole-mounted retinas. An eyepiece graticule and a 100 x oil immersion objective were used. We estimated the total number of cells per retina by multiplying the average number of cells per field times the ratio of the total area of each retina to field area. The criteria adopted in the quantitative analysis are described in Perry et al. (1983) . Briefly, pyknotic cells were identified by the presence of darkly and uniformly stained nuclei, sometimes fragmented. When two or more fragments were seen within a cell's distance from each other, they were counted as one pyknotic cell.
Retrograde labeling of retinal ganglion cells with HRP. Three neonatal rats (PO) were used in order to quantify the number of ganglion cells in whole-mounted retinas. Under hypothermia anesthesia, two injections (1.5 ~1 each) of 30% HRP (in 2% DMSO saline solution) in each superior colliculus were performed slowly; animals were allowed to recover and returned to their mothers. Twenty-four hours were allowed for retrograde transport. Animals were perfused with 1% paraformaldehyde, 1% glutaraldehyde, in 0.1 M phosphate buffer; retinas were dissected out and reacted as free floating for HRP, according to Perry and Linden (1982) . The retinas were then attached to a gelatinized slide in formal alcohol for 12 hr, dehydrated, and mounted in Depex. The quantitative analysis was performed according to the same criteria adopted for counting pyknotic profiles in whole-mounted retinas stained with cresyl violet.
Incorporation of 35S-methionine. Neonatal rat pups were utilized for testing in vivo the efficacy of the administration of protein synthesis inhibitors. To define the appropriate time period for amino acid incorporation, initial experiments were carried out on normal unlesioned retinas (n = 36), treated with the two protein synthesis inhibitors; 3, 6, 9, and 15 hr were allowed for incorporation before processing (not shown). The results here reported come from neonatal rat pups (n = 34) subjected to optic nerve section and injection with protein synthesis inhibitors (actinomycin D or cycloheximide) at, respectively, 12 and 18 hr postlesion. An intraocular injection of 40-50 PCi of 35S-methionine (DuPont New England Nuclear; 1220 Ci/mmol) was performed 3 hr before the sacrifice. At various postlesion intervals rats were deeply anesthetized and their retinas rapidly dissected out. The tissue was homogenized in Tris 10 mM, pH 6.5, and centrifuged at 1500x g, and the supematant blotted to Whatman GF/A disks. Proteins were then precipitated with TCA (trichloroacetic acid) according to Di Stefano et al. (1985) and radioactivity was determined by scintillation counting.
In situ labeling offragmented DNA. After optic nerve transection, 14 rat pups were intraocularly injected with either protein synthesis inhibitors or with saline. Eyes were taken 24 hr later, immersion-fixed in 4% paraformaldehyde, embedded in paraffin, cut at 6 pm, and then processed accordine. to the techniaue described in Gavrieli et al. (1992) . In initial experim&ts, segments bf rat adult intestine were processed in the same way. Briefly, after a treatment with proteinase K (20 &ml) to dissociate proteins from DNA, sections were incubated with terminal deoxynucleotidyl transferase (0.3 U/P; Boehringer) and biotinylated dUTP (40 PM; Boehringer). The reaction product was visualized with fluorescein-avidin (Vector). Negative controls did not include the enzyme or the nucleotides; in positive controls, sections were incubated with DNase (1 pg/ml) prior to the terminal transferase. Labeled and unlabeled cells were counted by following a "blind procedure" by the use of a 40 x oil immersion objective in the retinal ganglion cell layer of three sections per retina. Each section was sampled in six fields (240 pm long each) equally distributed. The values were expressed as labeled cells per 1000 neurons for each sampled field (Fig. 8A) ; then, the percentage was calculated where 100% is represented by the number of labeled cells in saline-treated lesioned retinas. The counts of total cells (labeled plus unlabeled) (Fig. 8B ) are expressed as number of cells in 100 pm.
Results
We have analyzed a series of parameters generally adopted to identify the apoptotic type of cell death: morphological appearance of pyknotic nuclei (condensed chromatin), fragmentation of the DNA, and dependence of the degeneration process on active gene expression.
Analysis of pyknotic cells
Previous studies indicated that a lesion to the ganglion cell axons in the neonatal rat leads to the appearance, within l-2 d, of pyknotic ganglion cells that are then rapidly removed by phagocytic cells (Miller and Oberdorfer, 198 1; Perry et al., 1983; Harvey and Robertson, 1992) . Pyknosis has been reported to be induced exclusively in axotomized retinal ganglion cells. We first confirmed the appearance of chromatin condensation (pyknosis) in the ganglion cell layer at 24 hr postlesion by performing intracranial optic nerve transection and analyzing eye sections stained with cresyl violet. Subsequently, we carried out most of our experiments on whole-mounted retinas stained with cresyl violet since pyknotic cells of the retinal ganglion cell layer can be more easily quantified than on eye sections. Figure 1A shows whole-mounted retinas stained with cresyl violet 24 hr after optic nerve lesion; pyknotic cells are very numerous and readily identifiable.
In some cases, cells resembling phagocytic cells were found associated with pyknotic cells (Fig. 1D) ; they are likely to be macrophages, already described to migrate into a lesion site, engulf, and phagocytose a dying cell (Perry et al., 1983) . In unlesioned retinas ( Fig. 1 C) pyknotic cells are very rare (on the average they are 0.5 per field).
We determined the time course of pyknosis in the ganglion cell layer at various times after the transection of the optic nerve ( Fig. 2A, triangles) ; an increase in pyknotic nuclei was first observed at 15 hr postlesion, followed by a peak between 24 and 36 hr after the lesion. After 48 hr, pyknosis is reduced to control levels of unlesioned retinas. Previous studies have shown that axotomy through a retinal lesion leads to complete death of ganglion cells after 48-72 hr (Perry et al., 1983) .
Protein synthesis inhibitors decrease pyknosis and increase survival of axotomised ganglion cells Pyknosis. We investigated the effects of protein synthesis inhibitors on the degeneration of retinal ganglion cells after optic nerve lesion. We used two types of inhibitors: actinomycin D (ActD), an irreversible inhibitor of transcription, and cycloheximide (CHX), a reversible inhibitor of translation. Actinomycin D (2.5 kg) and cycloheximide (2.5 pg) were injected intraocularly at, respectively, 12 and 18 hr after the lesion, and the number ofpyknotic cells was determined at 24 hr postlesion. The results show that both inhibitors are remarkably ef- We next examined longer survival times by comparing eyes taken at 24,36, and 48 hr postlesion (Fig. 2A) ; after actinomycin D (solid circles), pyknosis is maintained at low levels even at 36-48 hr postlesion, due to the irreversible properties of this drug. On the contrary, after cycloheximide, a dramatic increase in pyknotic cells occurs 36 hr postlesion (open circles), consistent with the reversible property of cycloheximide. The overshooting observed at 36 hr is probably caused by an accumulation of nontranslated mRNAs.
The efficacy of protein synthesis inhibition was verified by injecting 35S-labeled methionine intraocularly in normal and lesioned eyes of rat pups treated with protein synthesis inhibitors and by quantifying amino acid incorporation into proteins. Initial experiments performed on unlesioned eyes revealed that a period of 3 hr is sufficient to yield high amino acid incorporation (not shown). Therefore, we allowed a 3 hr-incorporation period and applied the above-described protocol of optic nerve lesion and intraocular injections. The results (Fig. 2B) show that, at 24 hr postlesion, both treatments significantly prevent the incorporation of labeled methionine; actinomycin D decreases protein synthesis to 50%, .while cycloheximide to 13%, when compared to saline-treated animals. At 36-48 hr postlesion protein synthesis resumes, in the case of the reversible drug cycloheximide, while it is still inhibited after actinomycin D treatment (irreversible blocker). The comparison of Figure 2 , A and B, shows a striking parallel between the pattern of pyknosis and protein synthesis; indeed, it can be noted that in the case of cycloheximide, when protein synthesis resumes (Fig. 2B) , at 36 hr, the level of pyknosis increases dramatically ( Fig. 2A, open  circles) . In the case of actinomycin D, at 36-48 hr, protein synthesis is still inhibited and, correspondingly, pyknosis is maintained low. The effects of inhibition of protein synthesis on pyknosis and the temporal correspondence between protein synthesis and pyknosis point to a critical role of RNA and protein synthesis in the process of degeneration of axotomized retinal ganglion cells.
Survival. In order to count surviving ganglion cells, we assumed that all or most cells counted in the retinal ganglion cell layer are ganglion cells. Indeed, previous observations (Perry et al., 1983) have shown that, in the neonatal retina, amacrine cells represent less than 5-10% of the entire cell population of this layer. In order to confirm this result in our system, retinal ganglion cells were retrogradely labeled in three neonatal rats, by injecting HRP in both superior colliculi; the total number of labeled ganglion cells estimated to be present in the entire retina is 240,000 (-+ 15,947 SE) (data not shown). Since the total number of cells counted in the ganglion cell layer of cresyl violetstained whole mounts is on the average 250,000 (3116,332 SE) (see Fig. 4 ) we confirm that amacrine cells represent approximately 5% of the total cells of this layer at postnatal day 1. Given the small contribution of this class of cells, we carried out most of our experiments based on cresyl violet counts. The small cells (diameter < 6 km), described to be glial cells (Miller and Oberdorfer, 198 l) , were excluded from our analysis. If the administration of protein synthesis inhibitors is really reducing cell death, one should expect to find a corresponding increase in surviving cells; alternatively, the decrease in pyknosis could be due to a faster clearance of dead cells. We have indeed found that at 24 hr postlesion the inhibition of protein synthesis increases significantly the survival of axotomized retinal ganglion cells (Fig. 4) . The number of living cells following an optic nerve section is much greater in animals that have been treated with either actinomycin D (p < 0.05) or cycloheximide (p < 0.05) when compared to control (saline). It should be t not seen, are within the symbol. B, Incorporation of YS-methionine into proteins in Pl retinas expressed as percent of saline-injected lesioned retinas. Injection of cycloheximide (open circles) reduces protein synthesis to 13% at 24 hr postlesion, but this rebounds later to 125%, consistent with its reversible property. Actinomycin D (solid circles) decreases aminoacid incorporation to 50% at 24 hr, and this remains at approximately 13% thereafter, as this drug is not reversible. Each value represents a single retina. noted that after actinomycin D and cycloheximide administration, the number of surviving cells is comparable to that of normal, unlesioned retinas (p = 0.42 andp = 0.73, respectively). Considering that a pyknotic ganglion cell is estimated to last 3-4 hr (Horsburgh and Sefton, 1987; Harvey and Robertson, 1992) , those cells appearing pyknotic at 20 hr postlesion could still be found (and therefore counted) at 24 hr. The cell loss up to 24 hr is not, therefore, substantial and this might explain why the total number of pyknotic plus surviving cells at 24 hr (Fig. 4 , Sal) after the lesion is not statistically lower than normal (Nor). Initial experiments included multiple injections of cycloheximide (injections 4 hr apart); the efficacy of this protocol is even greater when compared to the single-injection protocol. Subsequently, we investigated the temporal window in which the blockade of transcription and translation is effective; this information could elucidate the time course of the molecular events leading to cell death. To achieve this, we performed a single injection at different postlesion intervals and analyzed the level of pyknosis in the retinas 24 hr postlesion. Our results show that actinomycin D (inhibitor of transcription), injected later than 12 hr postlesion, is ineffective in preventing ganglion cell death (see Fig. 5 , ActD, 20h), suggesting that at this time the transcription of some "killer gene" has already been triggered. As for cycloheximide, a reversible blocker of translation, its administration should be performed not later than 20 hr after the lesion, in order to prevent the appearance of pyknosis (not shown). The high number of pyknotic cells observed after an injection of cycloheximide at 12 hr (see Fig. 5 , CHX, 12h) is probably due to the reversible effect of this drug, that has been A series of experiments was performed to verify whether the effect of protein synthesis inhibition is dose dependent. Doseresponse studies have revealed that 2.5 pg of each inhibitor is sufficient to exert the protective effects presented here, while 1.25 Kg gives incomplete neuronal protection and 0.25 pg no effect at all.
Protein synthesis inhibition and natural cell death
We have also tested the effects of intraocular administration of actinomycin D and cycloheximide on the spontaneous degeneration of retinal ganglion cells, known to occur mostly in early postnatal life (PO-PlO) (Lam et al., 1982; Potts et al., 1982; Perry et al., 1983) . Experiments performed on 11 Pl rat pups (80 fields of 90 x 90 pm were sampled) have shown that a short treatment with cycloheximide can prevent the appearance of pyknotic cells in the ganglion cell layer. The number of pyknotic cells is reduced from 1500 (f 333 SE) to 500 (+ 115 SE) after 4 hr from the intraocular injection (p < 0.05, data not shown). The analysis of the effects of protein synthesis inhibition on the natural cell death of ganglion cells has, however, some difficulties. Up to 60% of the entire ganglion cell population disappears due to natural cell death, but this process takes over 10 d to take place; therefore, due to the short duration of a pyknotic cell (estimated to be in the order of 3-4 hr), the number of pyknotic cells at any given time is extremely low (see Fig. 3 , Figure 6 . In situ labeling of DNA fragmentation in retinal sections (6 pm) at Pl, using terminal deoxynucleotidyl transferase and biotinylated dUTP. Ganglion cell layer is indicated by an arrow. A, Twenty-four hours after optic nerve transection; the arrow shows many labeled cells in the ganglion cell layer. B, Twenty-four hours postlesion, but treated with cycloheximide; very few cells are labeled in the ganglion cell layer. C, Normal unlesioned eye. D and E, High magnification of labeled cells displaying characteristic features of fragmented nuclei (apoptotic bodies). Scale bars: A-C, 50 wrn; D and E, 10 pm. Nor). An additional difficulty is that repetitive injections of cycloheximide for more than 12 hr lead invariably to the death of the animal because of loss of metabolic activity.
Analysis of DNA fragmentation
A common feature often associated with apoptosis is the degradation of nuclear DNA into nucleosome-sized oligomeres, giving rise to a typical "ladder" pattern when the DNA is run on an electrophoresis gel (Cohen and Duke, 1992) . However, in our model, this technique might not be sensitive enough to detect DNA fragmentation in the lesioned retina, as only the ganglion cells, a small fraction of the total cell population of the retina, are affected by an optic nerve lesion. Therefore, we applied a recently described morphological technique of detecting fragmented DNA in situ (Gavrieli et al., 1992) . This method allows the detection of nicked DNA in cells undergoing apoptosis, by the use of the enzyme terminal transferase; an incubation of a tissue section with this enzyme along with biotynilated nucleotides allows the visualization of cells presenting fragmented DNA.
We first applied this technique to rat intestinal tissue, where it had been previously shown to label only cells located at the tips of the villi, corresponding to the location of apoptotic cells (not shown; Gavrieli et al., 1992) . After confirming this result, we analyzed the presence of DNA fragmentation in the retina 24 hr after a lesion to the optic nerve. Similarly to cresyl violet staining, this method shows that such a lesion induces the appearance of labeled nuclei in the retinal ganglion cell layer (Fig.   6A ). Frequently, labeled cells closely resemble the aspect of typical apoptotic bodies revealed by cresyl violet (Figs. lD, 6D,E). Some rare labeled cells are seen (at low magnification), particularly in the ganglion cell layer of normal, unlesioned retinas; they most likely represent ganglion cells undergoing naturally occurring cell death, that is known to take place at this time of retinal development (Fig. 6C) . The number of cells presenting DNA fragmentation is approximately of the same order as that of pyknotic cells. Figure 7 shows a section processed first for DNA fragmentation detection (B) and then later stained with cresyl violet (A); it can be noted that the two cells revealing DNA fragmentation are also pyknotic. In a quantitative study, performed at 24 hr postlesion on adjacent eye sections, we found that the number of pyknotic cells is comparable to that of DNAfragmented cells. This correlation, however, does not exclude that the two processes (pyknosis and DNA fragmentation) diverge at other time windows after the lesion.
Protein synthesis inhibitors decrease the number of cells displaying DNA fragmentation
Blockade of RNA and protein synthesis largely prevents the fragmentation of DNA in axotomized retinal ganglion cells (Fig. Figure 7 . Colocalization of pyknosis and DNA fragmentation. The same eye section (PO, 24 hr after lesion) has been processed for the in situ detection of DNA fragmentation (B), and then later stained 6ith cresyl -&jet (A), for the detection of pyknotic nuclei. The same two cells are labeled by both methods. Scale bar, 10 pm. 6B). Intraocular injection of actinomycin D (n = 5) reduces the number of labeled cells from 3.50 to 1.29 (over 100 pm), while after cycloheximide (n = 5), the number of labeled cells is decreased to 0.87 (Fig. 88) . Figure 8A shows that the administration of actinomycin D and cycloheximide after the lesion is able to reduce the number of cells displaying fragmented DNA to, respectively, 37% and 25% when compared to control lesioned retinas (n = 6). Similarly, the quantitative analysis of unlabeled cells (Fig. 8B) , shows that protein synthesis inhibitors prevent the reduction in unlabeled cells; the number of unlabeled cells in actinomycin D and cycloheximide-treated eyes is comparable to that found in normal unlesioned retinas (p > 0.05).
Discussion
Our findings show that axotomy of retinal ganglion cells in the neonatal rat induces a process of apoptosis. Indeed, all criteria normally adopted to identify this process are met: inhibition of gene transcription and translation prevents the typical morphological (pyknosis) and biochemical (DNA fragmentation) hallmarks of apoptosis, and survival of ganglion cells is increased by this treatment. The criteria that we have selected in order to identify apoptotic cell death are among the most typical features of apoptosis (Bursch et al., 1992; Johnson and Dcckwerth, 1993) .
The temporal sequence of the events leading to cell death has not been elucidated; it has been proposed that the synthesis of an endonuclease could result in the fragmentation of DNA, and that this could determine the condensation of the nucleus. However, not all these features are necessarily found in all cases of apoptosis.
Apoptosis is described as a physiological type of cell death occurring throughout phylogenesis during normal development of several structures, including the nervous system (Kerr et al., 1972; Wyllie et al., 1980; Oppenheim, 1991) . In particular, in the mammalian nervous system, a striking excess of neurons is initially formed, to be later eliminated; depending on the structure, up to 50-70% of these cells disappear during normal development. This naturally occurring death is generally correlated with the period of synaptogenesis, and is, for this reason, believed to play a role in the numerical matching between preand postsynaptic partners, and to contribute to the establishment of specificity in the nervous system. This massive neuronal death has been hypothesized to be the result of competition for target-derived trophic factors (Cowan et al., 1984) . While in C. deguns neuronal death during development is known to be a cell-autonomous programmed cell death (Ellis et al., 1991; Oppenheim, 1991) , in vertebrates existing evidence supports the view that naturally occurring cell death is regulated by cellular interactions. This is shown, for example, by the observation that chick embryonic neurons of the PNS depend on the size of the target they innervate for their survival (Hamburger and LeviMontalcini, 1949; Hamburger, 1975) . Several reports exist in the literature describing neuronal death induced by trophic factor deprivation in culture as an active process, depending on protein synthesis (Martin et al., 1988; Scott and Davies, 1990; Rukenstein et al., 199 1; Allsopp et al., 1993) . Unfortunately, in vivo evidence for a similar phenomenon is much more limited. Oppenheim and co-workers showed that in the chick embryonic sensory and motor neurons both naturally occurring cell death and axotomy-induced degeneration constitute a metabolically active process (Oppenheim et al., 1990) . Our results, for the first time in the mammalian nervous system, and precisely in retinal ganglion cells, lead to the same conclusions, namely, that spontaneous as well as injury-induced neuronal death are dependent on protein transcription and translation. A possible interesting conclusion from this set of results in the developing chick and rat is that the same (or a similar) program of cell death utilized during normal development can be reutilized in certain pathological conditions. The similarity between these two physiological and pathological types of neuronal death could be explained by a sudden lack of neurotrophic factor, occurring in the first case for missing connection with the target, and in the second for a disconnection caused by the injury. Necrosis is unlikely to play an important role in our system, although it cannot be excluded. This is supported by two main observations: (1) the reduction in surviving cells 24 hr postlesion coincides with the increase in pyknosis; (2) inhibition of protein synthesis rescues the vast majority of ganglion cells, indicating that apoptosis can account for the degeneration that takes place within the first 24 hr postlesion. We cannot, however, rule out the intervention of necrotic degeneration at some later stages.
We have noticed that the time selected for the administration of protein synthesis inhibitors is critical for their efficacy. Actinomycin D (transcription inhibitor) and cycloheximide (translation inhibitor) showed to be effective only if administered, respectively, 12 and 20 hr postlesion, suggesting that after this time a program of cell death has already been triggered. This observation leads us to hypothesize that the transcription of some "toxic" gene starts 12 hr postlesion, while the synthesis of the corresponding protein takes place at 20 hr. It is interesting to note that although the efficacy of actinomycin D in inhibiting protein translation at 24 hr postlesion is not very high (50% of 35S-methionine is incorporated) (Fig. 2B) , the level of pyknosis is extremely reduced (Fig. 2A) , and most cells are rescued (see surviving cells, Fig. 4) . The partial block of protein synthesis is presumably due to the presence of mRNAs already transcribed before 12 hr.
The molecular mechanisms involved in the apoptotic cell death are currently under study in many laboratories; so far, the only gene identified with inhibitory effects on apoptotic death is the oncogene bcl-2. In vitro evidence that this gene could be involved in neuronal apoptosis comes from overexpression of this gene in neurons deprived of trophic factors (Garcia et al., 1992; Allsopp et al., 1993; Mah et al., 1993) .
Concerning the first triggering signals inducing this type of et al. -Apoptosis i n Neonatal Retina after Optic Nerve Lesi on cell death, various hypotheses have been proposed in the literature. Substantial evidence points to the lack of neurotrophic factors as responsible for the induction ofapoptotic death. Johnson and co-workers have shown that the absence of NGF induces apoptotic death of sympathetic neurons in culture (Martin et al., 1988) . From these experiments they have inferred the presence of a target-derived neurotrophic factor that would normally suppress an intrinsic suicide program, by inhibiting the expression of "cell-death genes" (see also Johnson and Deckwerth, 1993) . It has also been proposed that neurotrophic factors could act posttranslationally by inhibiting the activity of these genes (Edwards et al., 199 1; Rukenstein et al., 199 1) . In accordance with this suicide program hypothesis, our in vivo experiments show that axotomy-induced degeneration is dependent on protein synthesis. Also consistent with this is the observation that NGF, as well as other neurotrophic factors, is critical for the survival of axotomized adult retinal ganglion cells both in vitro (Johnson et al., 1986; Thanos et al., 1989) and in vivo (Carmignoto et al., 1989; Mansour-Rabay et al., 1992; Mey and Thanos, 1993) as well as in neonatal rats (Rabacchi et al., 1992) .
Other authors point to calcium as playing a critical role in triggering the process of apoptosis (Nicotera et al., 1992) . A massive entry of calcium could trigger this process (see Ellis et al., 199 l) , either by activating a hypothetical calcium-dependent endonuclease, or by inducing its upregulation. A recent hypothesis formulated by Cheng and Mattson proposes that the mechanisms by which trophic factors, such as NGF and bFGF, exert their protective effect on injured neurons could be through a stabilization in calcium homeostasis (Cheng and Mattson, 199 1) . The notion that disparate types of neuronal injuries are associated with calcium deregulation (Mattson, 1990; Strautman et al., 1990; Choi, 1992; Heizmann and Braun, 1992; Landfield et al., 1992) and the observation that their effects can be partially prevented by trophic factors (Fisher et al., 1987, 199 1; Cheng and Mattson, 1991) suggest that these different pathologies could share similar mechanisms of degeneration. Our findings of apoptosis in axotomized retinal ganglion cells raise the question as to whether a similar type of active, apoptotic death could occur in other neurodegenerative conditions.
Our present data are limited to the experimental conditions of a lesion to the CNS at early postnatal ages; the young age has been chosen for technical reasons, namely, because of the short delay between axotomy and degeneration. In the adult rat, the degeneration of retinal ganglion cells requires longer times, which is interpreted to be due to a minor dependence on retrograde trophic factor. To analyze whether protein synthesis is necessary for this degeneration process would be very difficult in the adult, since long treatments with protein synthesis inhibitors are toxic. Although we have observed the appearance of pyknotic ganglion cells during retrograde degeneration after axotomy in the adult (unpublished observations), we do not know whether these pyknotic cells are the expression of active cell death; if this were the case, and if similar mechanisms were present also in other parts of the nervous system, our findings could have a bearing in directing neurobiological and clinical research in the field of degeneration/regeneration.
